The development of local and systemic immune responses to soybean proteins was investigated in early-weaned pigs. Pigs were given either antigenic (ASP, n = 10 pigs) or non-antigenic (NASP, n = 8 pigs) soybean products ( 6 g of proteid d ) from d 5 to 9 of age by stomach tube. After weaning at d 21, pigs were fed diets containing the corresponding soybean products and slaughtered between d 28 to 30. Diarrhea was 2.4-fold more frequent, the size of duodenal villi was reduced by 24 to 3696, and the eosinophil density in the duodenal mucosa was 13 times greater ( P < .02) in the ASP pigs compared with the NASP pigs. A larger erythema area ( P = .006) was observed in the ASP group than in the NASP group 30 min after an intradermal injection of glycinin, but no significant difference could be detected with a-or @-conglycinin or whole soybean extracts. No difference in skin fold thickness was apparent between groups 24 h later. Intestinal, mesenteric lymph node, and blood lymphocytes did not proliferate when cultured with soybean proteins, regardless of dietary treatment. By ELISA, no difference between groups was observed in the circulating levels of total immunoglobulins ( I g ) and IgM. Immunoblotting patterns of raw soybean with sera from 28-d-old pigs showed two bands (22 and 36 kDa) recognized by IgA and IgM, respectively, in the ASP group only. Finally, the adverse effects observed with antigenic soybean flour can be overcome by the use of alcohol-treated products. However, a better knowledge of the protein fractions and of the mechanisms involved is still required to achieve non-antigenic products of higher market value.
Introduction
Proteins such as those from soybean seeds, which are commonly used, may lead to gastrointestinal disturbances (Barratt et al., 1978) . In the absence of enzyme deficiency, these intolerances are mainly induced by protease inhibitors and soybean agglutinin that can interfere with protein anabolism (Richard et al., 1989) and the mucosal epithelial cells (Yates and Sage, 19831 , respectively. These problems can be overcome by heating soybean proteins before their introduction in diets (Lalles, 1993) . In contrast, more elaborate treatments, such as heating in alcohol or hydrolysis are required to completely suppress the 'This work was supported by grants from Ministere de l'hgriculture et de la PBche (DGER n"91-131), Union Nationale Interprofessionnelle des Plantes Riches en Protkines, and Organisation Nationale Interprofessionnelle des Oleagineux (UNIP-ONIDOL n"125-205) (France).
2To whom correspondence should be addressed. Received September 15, 1993 . Accepted April 7, 1994 J. Anim. Sci. 1994 . 72:2090 -2098 immune reactions (Hancock et al., 1990a; Lalles et al., 1991) . The effects of soybean products treated in different ways on pigs growth performance have been studied (Stokes et al., 1987; Li et al., 1990; Friesen et al., 1993a,b) , but less information is available on immune reaction to soybean products. An increase in circulating specific antibodies, especially for immunoglobulins ( Ig1 of G class, was shown in early-weaned pigs by Li et al. (1990 Li et al. ( , 1991a and Friesen et al. (1993a) but not by Hankins et al. (1992) . Also, conversely t o recent data (Li et al., 1991a) , some research (Newby et al., 1979; Stokes et al., 1987) has indicated a major role for T cell-mediated immunity in response t o proteins fed to pigs.
In the present work, we attempted to evaluate humoral and cellular responses involved in hypersensitivity to soybean in early-weaned pigs. For this purpose, clinical observations, direct cutaneous tests, and duodenum morphometry were carried out on pigs fed either antigenic or non-antigenic soybean diets. Differences in antibody isotypes against raw soybean protein and in cellular responses were also analyzed.
IMMUNE RESPONSES T O

Materials and Methods
Animals and Experimental Design
Eighteen crossbred (Landrace x Meishan) pigs born from two multiparous (sixth litter, nine pigs per sow) sows (litter 1 and litter 2 ) were used to evaluate immune responses to soybean proteins. Average birth weight of the pigs was 1.45 k .5 kg. The sows were fed a corn gluten meal-based diet (14% crude protein, .65% lysine) from d 109 of pregnancy throughout lactation in order to limit passive transfer of maternal anti-soybean antibodies via colostrum (Li et al., 1990) .
Pigs within each litter were allotted randomly to two groups that received either non-antigenic (NASP) or antigenic (ASP) soybean products. In litter 1, four pigs, (two males and two females) received NASP and five pigs (two males and three females) received ASP. In litter 2, four pigs (three males and one female) received NASP and five pigs (three males and two females) received ASP. Each pig was given 6 g/d of either NASP or ASP soybean products from d 5 to 9 by stomach tube (Li et al., 1990) . After weaning at d 21, both groups of pigs were housed in two contiguous barred pens of a temperature-controlled ( 2 2 to 24°C ) room. Pigs previously given NASP were placed in one pen and had free access to the corresponding starter diet formulated with NASP as the major protein source (Table 1) . Similarly, those pigs given ASP were placed in the second pen and had free access to the starter diet formulated with ASP (Table 1) . Individual weights were collected weekly. Observations of diarrhea (i.e., liquid feces) were recorded daily.
The NASP soybean product was a hot-alcoholtreated concentrate and the latter was a mixture ( 1 : 9 ) of row and heated defatted soybean flours. In NASP, no immunoreactive glycinin or 0-conglycinin could be detected by ELISA, using antibodies prepared against their native forms (Tukur et al., 1993) . Therefore, it served as the control. Antigenic soybean product was considered antigenic since glycinin and 0-conglycinin ELISA titers (log2 of the dilution) were 7 and 11, respectively.
Direct Skin Tests
Cutaneous skin tests were carried out as described (Blecha et al., 1983; Heppell et al., 1987) for injections and measurement of double skin-fold thickness and erythema area. In order to avoid interference due to intradermal immunization, tests were performed 1 or 2 d before slaughter (see below). Intradermal injections of .5 mg of different soybean extracts (raw, heated, or alcohol-treated) perimental-negative control) erythema diameter and double skin-fold thickness were recorded at 30 min and 24 h after injection, respectively.
His to 1 ogy
Slaughter was distributed from d 28 to 30 of age. Every day, three pigs of each group were euthanatized, in a transparent box, by an air-CO2 ( 1: 1) gas flow (20 L/min) for 10 min (Canadian Council on Animal Care, 19841, and then bled. Two distal duodenal samples from each pig were collected in formalin and embedded in paraffin. Sections of 5 pm thickness were cut and stained using hemalum-eosin. Villus height, villus perimeter, crypt depth, and villus area were determined at a lox magnification using the analytical semi-automatic measuring system VIDS 3 (Shirrehill Industrial State, Saffron, Walden, U.K.).
Eosinophils were numbered per area and the eosinophil density was expressed per square millimeter. Only villi fully attached to the lamina propria and with well-defined tips were measured. Thirty villus heights and 25 lamina propria depths of each sample were recorded. Respective averages were considered as individual values.
Anti-Swine Antibodies
Monoclonal antibodies against swine K and X light Ig chains (i.e., total Ig) were provided by K. Stevens (Inst. h i m . Health, Compton, U.K.). These antibodies have been successfully used by Kaeffer et al. ( 199 1) . Monoclonal antibodies directed against swine IgA, IgM, IgG1, and IgG2 (Van Zaane et al., 1987) were kind gifts from A. Bianchi (Central Veterinary Institute, Lelystad, The Netherlands). Specific binding of monoclonal antibodies was revealed using a polyclonal antibody directed against mouse IgG and IgM light and heavy chains and conjugated to peroxidase (Jackson Immuno Research Laboratories, West Grove, PA). These antibodies were used in ELISA and immunoblotting experiments.
Enzyme-Linked Immunosorbent Assays
Plates were coated either with a crude soybean extract, or with soybean purified proteins (glycinin, 0-conglycinin, a-conglycinin; D. Dreau, unpublished data) or with soybean agglutinin (Sigma, St Louis, MO) at the concentration of 1 pg/mL in a coating buffer (. 0 1 M sodium carbonate-bicarbonate, pH 9.7). Plates were incubated at 37°C for 3 h and then immediately washed five times with a rinsing buffer (PBS pH 7.4, containing .05% Tween 20; Sigma) after subsequent incubations. The saturation step was done during 1 h at 37°C with 1 mg/mL of sheep serum. The pigs' samples were serially diluted ( 1 : 2 1 starting at 1: 40 in PBS-Tween 20 and incubated 2 h at 37°C. After washings, plates were incubated 1 h at 37°C with mouse monoclonal antibodies directed against total Ig or IgM. Their fixation was revealed using a goat serum raised against mouse immunoglobulin and conjugated with peroxidase (Jackson Immuno Research Laboratories). This activity was assessed using 2,2'-azinobis (3-ethylbenz-thiazoline sulfonic) acid substrate (Sigma).
Immunoblots
The mini-gel electrophoresis procedure was carried out as described by Laemmli ( 1970) . A SDS gel electrophoresis was done using a 15% polyacrylamide separating gel and a 4% stacking gel. As determined using micro-BCA technique (Pierce, Oud Beijerland, The Netherlands), .5-mg protein of crude soybean extract was added to a single 76-mm length well (Devine and Birrell, 1992) . Molecular weight ( MW) standards (Sigma) were loaded into an adjacent well. Electrophoresis was performed for 2 h at 30 mV. To ensure proper protein separation, Coomassie blue (Sigma) stains were done on preliminary gels. After electrophoresis, proteins were transferred from the gel to a nitrocellulose membrane using a transblot apparatus (Pharmacia, Uppsala, Sweden) and held for 1 h in a buffer containing 10% SDS and 20% methanol. Protein transfer on nitrocellulose was monitored by Ponceau red stain (Sigma). The membranes were dried and stored at 4°C until they were used.
The membranes were saturated using 5% skimmilk powder in tris buffer (150 mM, pH 8). Fifty microliters of each serum or mucosal secretion (Newby et al., 1979) was incubated on the membrane for 1 h using the multichannel miniblotter 28s (Immunogenetics, Cambridge, MA) as described by Hoff et al. (1988) . After washing with 150 mL of tris tween buffer (.05%), specific antibodies were revealed with mouse monoclonal antibodies directed against swine IgA, IgG1, IgG2, and IgM. After three washings, specific bands were further detected by a peroxidaseconjugate antibody (Sigma). Binding was revealed by using diaminobenzidine (Sigma) as substrate.
A densitometric analysis was conducted using a Millipore system (Millipore, Bedford, MA) to determine the MW of the soybean bands recognized by pigs' antibody isotypes. The MW of each band was estimated from comparison with standard proteins (Sigma) and quantified by measuring its optical density.
Lymphocyte Proliferation
Cell-mediated immune response was measured using a modified cell blastogenic assay reported by Bendich et al. (1984) . Lymphocytes from either blood, mesenteric lymph nodes, lamina propria, or epithelium from the small intestine were isolated as previously described (Wilson et al., 1986; Hammerberg et al., 1989; Salmon et al., 1990 ) and deep-frozen until used. After thawing, lymphocytes were diluted (lo6 cells/mL) in the culture medium (RPMI 1640; Gibco, Gaithersburg, MD) supplemented with 10% newborn calf serum, .2 mM glutamine (Gibco), 2 5 mM HEPES (Sigma), .1 mM pyruvate (Gibco), 2 pg/ mL of fungizone (Gibco), 80 pg/mL of gentamycin (Sigma), and 50 pM /3-mercapto-ethanol (Sigma). Cells were distributed into a well microtiter-plate (Falcon 3072, Becton-Dickinson, Lincoln Park, N J ) and incubated with the following mitogens diluted in media: concanavalin A ( 12.5 pg/mL; Pharmacia, Uppsala, Sweden), phytohemagglutinin ( 1/200 of working dilution, Pharmacia), pokeweed mitogen (2pg/mL, Sigma); soybean agglutinin (12.5 pg/mL, Sigma), with the following specific soybean antigens: raw, heated, or alcohol-treated soybean proteins diluted at 2.5 pg/mL, and with the purified proteins: glycinin, P-conglycinin, and cr-conglycinin diluted at .25 pg/mL. After 96 h at 37°C in a 5.0% C02 environment, cell proliferation was measured as tritiated thymidine uptake. Cells were pulsed with 1 pCi per well of tritiated thymidine (NEM, Du Pont Company, Wilmington, DE) during the last 18 h of culture. After harvesting on filter paper, radioactivity was counted in a scintillation cocktail (Packard Company, Meriden, CT). Counts per minute (cpm) of stimulated cells were divided by cpm of unstimulated cells and reported as stimulation index (SI)
Statistical Analysis
Antibody responses obtained by ELISA were tested as measures repeated in time in a polynomial model using the GLM procedures of SAS (1985). Other comparisons between litters and NASP and ASP groups were conducted using the non-parametric Mann-Whitney's test (Mann and Whitney, 1947) . Individual treatment SE values when data were heterogeneous, and pooled SE elsewhere, were provided for descriptive information.
Results
Clinical Features
During the 1st wk postweaning, the average live weight gain of pigs consuming the NASP starter diet was positive in litter 1 (mean k SE:100 + 6 g/d) but Diet effect reached significance only ( P = .014) in litter 1. Negative weight gain was associated with diarrhea, which concerned three pigs of litter 2 in the NASP group and four pigs of each litter in the ASP group; it could also be due to a lower feed consumption in the ASP group.
No significant effect ( P > .70) of litter was apparent for duodenal villus size except in the ASP group for which crypt depth was smaller in litter 2 than in litter 1 (330 k 18 vs 393 * 11 pm, P = .03). Duodenal villi had reduced height, perimeter, and area in the ASP group compared with the NASP group (by 27,24, and 36%, respectively; P < .01; Table 2 ). In contrast, crypt depth was not changed ( P = .85). Villus aredvillus height ( P = .05) ( a measurement of villus shape) and villus heighucrypt depth ( P = .004) ( a n indicator of epithelial cell hyperplasia) were lower in the ASP group than in the NASP group (Table 2) .
Systemic Immune Responses
No significant effect ( P > .70) of litter was recorded for skin tests, except in the NASP group, for which the erythema area observed 30 min after intradermal injection of the alcohol-treated soybean extract was larger in litter 2 than in litter 1 (63 f 20 vs 12 f 6 mm2, P = .05). Similarly, no significant difference was apparent between the ASP and the NASP groups in the erythema area observed 30 min after intradermal injections of extracts of raw, heated, or alcohol-treated soybean extracts (Table 3 1. However, erythema area was larger in the ASP group than in the NASP group with purified glycinin and P-conglycinin ( P = .006 for glycinin, not significant for 0-conglycinin). In contrast, no significant difference appeared between the two groups in the changes of skin-fold thickness Age, days Figure 1 . Specific anti-soybean antibody titers (log2 dilution) of total immunoglobulins (a) or IgM isotype (b) determinated by ELISA, in pigs fed either NASP ( + ) or ASP ( 0 ) soybean-based diets (mean f. SE). (SP) and (W) indicated the sensitization period and weaning, respectively. measured 24 h after the intradermal injections (data not shown). Skin-fold thickness range was from .1 to .3 mm except with a-conglycinin extract (.6 to .7).
By ELISA, no significant difference was found for total and IgM antibody levels against soybean proteins between either litter or NASP and ASP groups (Figure 1 ). However, a decrease of these levels with increasing age was observed in both groups ( P < .0001, Figure 1) .
Immunoblots of individual sera of pigs were tested for anti-soybean IgM, IgA, IgG1, and IgG2 specifically. As shown on Figure 2 at d 28, the major soy protein bands matched were approximately of 20, 22, 23, 30, 32, 39, 45, 62 , and 69 kDa. The most important response was observed with IgM and IgGl isotypes (Figure 2a,c) . Differences in antibody responses between the two groups of pigs sera were observed for two soybean protein bands recognized by IgA and IgM isotypes, respectively. Indeed, IgM from pigs fed the ASP diet revealed a band of 22 kDa, which did not 
Local Immune Responses
The most important clinical feature of feeding soybean-based diet was a n atrophy of duodenal villi in pigs fed ASP suggesting a local immune reaction to soybean proteins. This hypothesis was tested by analyzing antibodies in mucosal secretions, proliferation of lymphocytes isolated from the digestive tract, and eosinophil density in sections of duodenal tissues collected from pigs fed either NASP or ASP diet. No significant effect ( P > .75) of litter was apparent for these aspects.
As conducted for circulating antibodies, immunoblots of raw soybean proteins were prepared using mucosal secretions of each pig. However, no specific antibodies were detected in these samples, although these samples contained antibodies (data not shown). Intra-epithelial and lamina propria lymphocytes from the duodenum were unable to proliferate when stimulated with unspecific mitogens (Table 4 ). In contrast, lymphocytes from mesenteric lymph nodes responded to unspecific stimulation by pokeweed mitogen, phytohaemagglutinin, concanavalin A, and soybean agglutinin. With this last one, a greater thymidine incorporation was observed in ASP-fed pig's lymphocytes but this difference was not significant ( P > .45, Table 4 ). Moreover, a lack of response t o antigenic soybean proteins at the concentrations used was observed in both groups (Table 4) . Other concentrations from .1 to 25 pg/mL were also tested but no specific proliferation was observed with different lymphocytes isolated from both groups of pigs ( .5 < SI > 1.6 in both groups). Also, no proliferation was observed with blood lymphocytes, regardless of the dietary treatment ( . 6 < SI > 1.4 and .8 < SI > .9 in NASP and ASP groups, respectively).
Small intestine morphological changes (Table 2 ) suggested a local inflammatory process. Indeed, a 13-fold increase in eosinophil density was evidenced in the duodenal mucosa of the ASP group compared with the NASP group (76 f 17 cells/mm2 vs 6 f 2; P = .0007).
Discussion
Our results confirmed gut hypersensitivity to antigenic soybean protein in early-weaned pigs as previously observed (Barratt et al., 1979) . Reactions as positive skin tests (Li et al., 1991a,b) , atrophy of duodenal villi (Dunsford et al., 1989; Li et al., 1990;  Li et al., 1991a,b) , and poor growth performance (Dunsford et al., 1989; Li et al., 1990 , Li et al., 1991b Hankins et al., 1992) were evidence in soy-sensitive pigs compared with pigs fed the NASP diet. But unlike Hancock et al. (1990b1, a significant reduction of villus shape, an indication of an epithelial cell hyperplasia, was observed in the duodenal mucosa of pigs fed ASP, supporting the great difference in the antigenicity of the two soybean products used (Tukur et al., 1993) . Similar to preruminant calves (Kilshaw and Sissons, 1979) , extensive denaturation of glycinin and P-conglycinin by alcoholic treatment prevented reactions in pigs. This treatment improved performances of growing pigs fed soybean protein (Hancock et al., 1990a,b) . Better performance was also observed with diets including moist extruded soybeans (Li et al., 1990 (Li et al., , 1991a Friessen et al., 1993b) . In contrast to results obtained by Li et al. (1990) , no difference in peripheral specific antibody levels was observed between groups. This result, also shown by Hankins et al. (19921, confirmed the preponderant maternal influence during the first weeks of postpartum. The decrease observed in total Ig and IgM levels may correspond to the turn-over of maternal antibodies that had been transferred to the young pigs via the colostrum. Here the sows were fed a corn-corn gluten meal as used by Li et al. (19901, but sow sera contained antibodies against whole soybean components either at birth or at the time pigs were weaned (data not shown). Offspring receive maternal Ig during the first 24 to 36 h postpartum only (Watson, 1980) . These Ig were the majority of the antibody pool in pig sera during the first 3 wk after birth (Klobasa et al., 1986 antigens were also recovered in offspring sera (Telemo et al., 1991; Bailey et al., 19931 , and may be maintained through d 7 postweaning (Friesen et al., 1993a) . Moreover, offspring receive dietary antigens via maternal transfer (Telemo et al., 1991) . Handling both dietary antigens and specific antibodies may lead to a specific immunological unresponsiveness to proteins of the weaning diet in preweaned pigs (Telemo et al., 1991; Bailey et al., 1993; Friesen et al., 1993a) . In addition, because only pig sera from one litter had IgA against a 36-kDa soybean-protein, a difference in the maternal transfer between these two litters has been suggested (Dreau et al., 1993) . The observed IgA response could be related to the predominance of this Ig isotype in the digestive tract (Mestecky and McGhee, 19871 , whereas IgM anti-soybean may correspond to a primary antibody response. Such important anti-gluten IgA and IgM responses were shown in celiac disease (Kelly et al., 1991) . Whether an allergic response (e.g., mediated by IgE) against glycinin is involved as suggested by the positive skin tests remains to be confirmed. Despite high systemic anti-soybean antibody levels, immunoblotting of sera of 28-d-old pigs against a whole soybean extract revealed two antigenic bands present in the ASP group, only. These soybean bands (22 and 36 kDa) were recognized by IgM and IgA antibodies, respectively. The 22-kDa band may correspond to the MW of basic glycinin subunit or of aconglycinin (Moreira et al., 1979; Friedman et al., 1991) . The 36-kDa band may be a glycinin acidic subunit (Nielsen, 1985) . However, direct observation using purified glycinin or a-conglycinin did not confirm these reactions (data not shown) suggesting that proteins revealed were different from glycinin and a-conglycinin. Therefore, studies using microsequencing techniques could be helpful in the identification of those antigens in the reaction (Kurth and Stoffel, 1990) . Moreover, when identified, antigenic protein(s1 could be modified or suppressed from the soybean seeds using technological treatments or genetic engineering (Kim et al., 1990) Lymphocyte proliferation to specific antigens was observed in cow's milk intolerance (Albani et al., 1989) and in situ on small intestinal mucosa of untreated patients with celiac disease (Halstensen and Brandtzaeg, 1993) . In our experiment, no specific proliferative response of systemic or local lymphocytes was observed suggesting either inadequate antigen concentrations or an inability of lymphocytes from young pigs to proliferate (Wilson et al., 1986) . Concerning lymphocytes from the small intestinal mucosa, the lack of proliferation at d 28 agrees with results reported by Li et al. (1990) . The important SI obtained with mesenteric lymph node lymphocytes in the presence of unspecific mitogens suggested that the freeze-thawing step let the major cell functional features unmodified, although it is controversial ET AL. (Karpovitch et al., 1980; Stevenson et al., 1984; Koch et al., 1991) . However, whether lymphoid cells are involved in hypersensitivity to soybeans in pigs needs further investigation, especially in the small intestinal mucosa.
Manifestations at the small intestine level were spectacular suggesting a preponderant role of local immunity in inducing hypersensitivity to soybean (Stokes et al., 1984) . Feeding wheat, cow's milk, or soybean proteins to some patients, especially infants, induced gastrointestinal disturbances (Walker-Smith, 1986; Sampson and Metcalfe, 1992 ) similar t o those we described here. Thus, due to similarities in digestive function and dysfunction, pigs could be a model (Moughan et a] ., 1992) to improve our knowledge on gut hypersensitivity reactions to food antigens that occur in different infant gastrointestinal pathologies.
Implications
Immune responses t o antigenic soybean protein have been postulated to be responsible for digestive disturbances and decreased growth performance in early-weaned pigs. These adverse food reactions could be overcome by the use of alcohol-treated products. Whether humoral and cellular immune mechanisms were together involved in hypersensitivity to soybean protein in early-weaned pigs remains to be confirmed. However, identification of responsible soybean-proteins, associated with a better knowledge of the reactions in the small intestine will provide the opportunity to prevent postweaning digestive disturbances in young farm animals and infants.
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